Osteosarcoma (OS) is the most common primary malignancy of bone. There is a critical need to identify the events that lead to the poorly understood mechanism of OS development and metastasis. The goal of this investigation is to identify and characterize a novel marker of OS progression. We have established and characterized a highly metastatic OS subline that is derived from the less metastatic human MG63 line through serial passages in nude mice via intratibial injections. Microarray analysis of the parental MG63, the highly metastatic MG63.2 subline, as well as the corresponding primary tumors and pulmonary metastases revealed insulin-like growth factor binding protein 5 (IGFBP5) to be one of the significantly downregulated genes in the metastatic subline. Confirmatory quantitative RT-PCR on 20 genes of interest demonstrated IGFBP5 to be the most differentially expressed and was therefore chosen to be one of the genes for further investigation. Adenoviral mediated overexpression and knockdown of IGFBP5 in the MG63 and MG63.2 cell lines, as well as other OS lines (143B and MNNG/HOS) that are independent of our MG63 lines, were employed to examine the role of IGFBP5. We found that overexpression of IGFBP5 inhibited in vitro cell proliferation, migration and invasion of OS cells. Additionally, IGFBP5 overexpression promoted apoptosis and cell cycle arrest in the G1 phase. In an orthotopic xenograft animal model, overexpression of IGFBP5 inhibited OS tumor growth and pulmonary metastases. Conversely, siRNA-mediated knockdown of IGFBP5 promoted OS tumor growth and pulmonary metastases in vivo. Immunohistochemical staining of patient-matched primary and metastatic OS samples demonstrated decreased IGFBP5 expression in the metastases. These results suggest 1) a role for IGFBP5 as a novel marker that has an important role in the pathogenesis of OS, and 2) that the loss of IGFBP5 function may contribute to more metastatic phenotypes in OS.
Osteosarcoma (OS) is the most common primary malignancy of bone. There is a critical need to identify the events that lead to the poorly understood mechanism of OS development and metastasis. The goal of this investigation is to identify and characterize a novel marker of OS progression. We have established and characterized a highly metastatic OS subline that is derived from the less metastatic human MG63 line through serial passages in nude mice via intratibial injections. Microarray analysis of the parental MG63, the highly metastatic MG63.2 subline, as well as the corresponding primary tumors and pulmonary metastases revealed insulin-like growth factor binding protein 5 (IGFBP5) to be one of the significantly downregulated genes in the metastatic subline. Confirmatory quantitative RT-PCR on 20 genes of interest demonstrated IGFBP5 to be the most differentially expressed and was therefore chosen to be one of the genes for further investigation. Adenoviral mediated overexpression and knockdown of IGFBP5 in the MG63 and MG63.2 cell lines, as well as other OS lines (143B and MNNG/HOS) that are independent of our MG63 lines, were employed to examine the role of IGFBP5. We found that overexpression of IGFBP5 inhibited in vitro cell proliferation, migration and invasion of OS cells. Additionally, IGFBP5 overexpression promoted apoptosis and cell cycle arrest in the G1 phase. In an orthotopic xenograft animal model, overexpression of IGFBP5 inhibited OS tumor growth and pulmonary metastases. Conversely, siRNA-mediated knockdown of IGFBP5 promoted OS tumor growth and pulmonary metastases in vivo. Immunohistochemical staining of patient-matched primary and metastatic OS samples demonstrated decreased IGFBP5 expression in Introduction Osteosarcoma (OS) is the most common primary malignancy of bone in children and young adults (Whelan, 1997) . The genetic events that lead to the development and metastasis of OS are not known and may be a reflection of the complexity of OS (Letson and Muro-Cacho, 2001; Fuchs and Pritchard, 2002; Ragland et al., 2002) . Although approximately 80% of OS patients have metastatic disease at the time of diagnosis, only 10-15% of these lesions are detectable with current radiographic imaging modalities (Yonemoto et al., 1998; Kaste et al., 1999) . Therefore, there is a clinical need to identify genetic markers that not only provide insight into the pathogenesis of OS, but also its metastasis. With the current treatment for OS, which includes wide resection and chemotherapy, the average 5-year diseasefree survival rate is 65-70% (Davis et al., 1994; Mankin et al., 2004) . However, despite advances in chemotherapy and surgical techniques over the last three decades, there has not been any significant improvement in patient survival. Although some genetic or hereditary abnormalities are associated with OS, the events that lead to the development and metastasis of OS are poorly understood.
We have recently established a highly tumorigenic and metastatic human OS cell line that has not been transformed exogenously (Su et al., 2009) . Although the parental line (MG63) formed small tumors and occasional metastases in an orthotopic xenograft model, we re-passaged the occasional metastases through the athymic nude mice until a highly metastatic line (MG63.2) was established. The MG63.2 cell line demonstrated greater migratory and invasive potential in vitro, along with larger tumors and more pulmonary metastases in vivo. In this report, we conducted microarray analyses and compared the expression profiles between the parental MG63 and the highly metastatic MG63.2 subline. Among the genes that were most significantly differentially expressed, we found that insulinlike growth factor binding protein 5 (IGFBP5) had a 10-fold higher expression in the parental MG63 cell line. IGFBP5 is a member of the IGFBP family of six secreted proteins that are involved in the regulation of the mitogens IGF I and II, via complex receptor and protease interactions (Rosenzweig, 2004) . IGFBPs have an important role in a variety of pathologic and physiologic pathways, such as mesenchymal progenitor cell proliferation, differentiation and migration (Schneider et al., 2002) .
In this investigation, we examined the role of IGFBP5 in OS pathogenesis and metastasis. On the basis of our microarray data, we hypothesized that IGFBP5 inhibits tumor growth and metastasis in OS. We found that overexpression of IGFBP5 inhibited cell proliferation, migration and invasion, whereas promoting apoptosis, in OS cell lines. Overexpression of IGFBP5 inhibited OS tumor growth and lung metastasis in vivo. Conversely, siRNA knockdown of IGFBP5 promoted OS tumor growth and lung metastasis in vivo. Furthermore, IGFPBP5 expression is decreased in metastatic lesions when compared with the primary tumors in patients.
Results
Lower IGFBP5 expression in the highly metastatic MG63.2 and 143B lines We have recently established a highly metastatic subline (MG63.2) from the parental MG63 cell line. In this study, we sought to examine the expression profiles of these two lines with a similar genetic background. RNA was collected from the MG63 and MG63.2 cell lines, MG63 and MG63.2 primary tumors, as well as lung metastases from the MG63.2 injected animals. Genes on the Affymetric chip (Affymetric, Santa Clara, CA, USA) were evaluated and the filter for differentially expressed genes set at a greater than two-fold change in expression and a P-value o0.05. In this experiment, we identified 200 genes that were most differentially expressed and then performed a DNA-Chip cluster analysis. Hierarchical cluster analysis is commonly used to create a group of genes that have similar patterns of expression. As shown in Figure 1 , the upregulated and downregulated genes cluster together among the metastatic MG63.2 and MG63.1 (MG63.2's immediate predecessor in the passaging process) cell lines, primary tumors and lung metastases.
The metastatic lesions demonstrate a closer hierarchical relationship with that of MG63.2 subline. This is in comparison with the parental MG63 cell line and MG63 tumor, which are closely related. Examples of the most differentially expressed genes and their reported functions are shown in Table 1 . We selected 20 differentially expressed genes of interest on the basis of their known functions and determined the expression levels by quantitative real-time RT-PCR. Our confirmatory RT-PCR among these 20 genes demonstrated IGFBP5 to be most differentially expressed. Thus, we chose to focus on IGFBP5 in current study, whereas other candidates are being investigated as separate studies.
On the basis of the microarray analysis, there was a 10-fold decrease in expression in IGFBP5 between the MG63 and MG63.2 lines. By quantitative PCR, there was greater than a 30-fold decrease in IGFBP5 expression in the highly metastatic MG63.2 tumor or MG63.2 lung metastasis versus the parental MG63 tumor (P-value o0.001) (Figure 2a ). To assure that this finding is not specific to only the MG63-derived sublines, we examined IGFBP5 expression in two other commonly used OS cell lines (143B and MNNG/HOS) that are not related to the MG63 lines (Figure 2b) . We have previously shown that the 143B line is significantly more metastatic compared with the MNNG/HOS line (Luu et al., 2005a; Su et al., 2009) . IGFBP5 mRNA and protein expression was detectable among the lines, with MNNG/HOS demonstrating the higher expression compared with the highly metastatic 143B line. As expected, the MG63.2 line had lower expression compared with the parental MG63 line. 
Decreased IGFBP5 expression in pulmonary metastases
We next examined the expression of IGFBP5 by immunohistochemistry in clinical specimens. Searching our pathology database, we identified 25 patients who had pulmonary metastatic lesions excised, and the paraffin blocks were available at our institution. Among these 25 patients, 14 had matched-primary specimens whereas 11 did not have a primary tumor sample at our institution. Often, patients are referred to our institution after the biopsy is done elsewhere. We found that expression of IGFBP5 was consistently decreased in the metastatic lesions compared with the primary tumors ( Table 2 ). Figure 2c is an example of a primary lesion that had strong staining for IGFBP5, whereas the matchedmetastatic lesion had none. For both the patient, unmatched and matched samples, the mean immunohistochemical score for the primary lesions was 2.5, compared with 1.0 for the metastatic lesions (P-values 0.0012 and o0.0001, respectively). These results suggest that IGFBP5 expression is lost when OS metastasizes.
IGFBP5 inhibits proliferation, migration and invasion
Our microarray, confirmatory RT-PCR and immunohistochemical data support our hypothesis that IGFBP5 may be involved in inhibiting metastasis and tumor growth in human OS. To test this hypothesis, we next characterized the role of IGFBP5 on cell proliferation, migration and invasion by using adenoviral vectors to overexpress or knock down endogenous IGFBP5. As shown in Figure 2d (upper panel), we were able to knock down endogenous IGFBP5 expression in our OS cell lines, as detected by RT-PCR and western blot analysis. We also tested the scrambled siRNA control and showed no difference with the red fluorescence protein (RFP) control (data not shown). Overexpression of IGFBP5 by adenoviral transduction was detectable by western blot analysis in HEK293 cells, which have very low endogenous IGFBP5 expression ( Figure 2d , lower panel). We next assessed the effects of IGFBP5 on phenotypes important for metastasis and tumor growth. As demonstrated in Figures 3a and b, IGFBP5 overexpression inhibited cell proliferation, whereas knockdown promoted cell proliferation (all P-valuesp0.05). Specifically, the doubling times in hours for the MG63.2-expressing RFP, IGFBP5 and siIGFBP5 are 21.0 ± 0.5, 22.8 ± 0.3 and 20.0 ± 0.3, respectively, and for the 143B cells are 18.0 ± 0.8, 19.8 ± 0.7 and 16.6 ± 0.6, respectively. Similar results were seen in parental MG63 and MNNG/HOS cell lines, as well as the scrambled siRNA and RFP controls (data not shown). Next, we examined the effects of IGFBP5 overexpression and siRNA-mediated knockdown on OS cell migration. We found that overexpression of IGFBP5 inhibited the Figure 3d , we found that overexpression of IGFBP5 decreased invasion by 55%, whereas siRNAmediated knockdown increased invasion by 110% in the MG63.2 cells, when compared with the control RFP control group, P-value o0.001. Similar results were seen in the parental MG63, MNNG/HOS and 143B cell lines (data not shown).
IGFBP5 inhibits primary tumor growth
We next sought to investigate IGFBP5's role on primary tumor growth in our orthotopic animal model, using the MG63.2 and 143B cell lines that we have previously characterized (Luu et al., 2005a; Su et al., 2009) . Cells were equally infected with adenovirus expressing RFP only (AdRFP), AdR-IGFBP5 or AdR-siIGFBP before subperiosteal implantation. As seen in Figure 4a , overexpression of IGFBP5 by adenoviral transduction in the 143B cell line led to a decrease in primary tumor growth compared with the RFP control. Consistent with our overexpression data, siRNA-mediated knockdown of endogenous IGFBP5 resulted in an increase in tumor growth (Figure 4a ). Overexpression of IGFBP5 increased the doubling time in the 143B and MG63.2 cells by 
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137 and 89%, respectively, when compared with the RFP control group (P-values ¼ 0.04 and 0.02, respectively). Specifically, the doubling times for the IGFBP5 overexpression, IGFBP5 knockdown and RFP control were 10.2±4.3 days, 3.2±1.9 days and 4.3±1.2 days, respectively, in the 143B injected animals. Similar results were seen in the MG63.2 cell line ( Figure 4b ). The doubling times for the IGFBP5 overexpression, IGFBP5 knockdown and RFP control were 44.5 ± 15.2 days, 17.8 ± 6.5 days and 23.5 ± 9.8 days, respectively, in the MG63.2 injected animals. When the primary 143B tumors were grossly visualized, there was a clear difference in tumor size between the IGFBP5, RFP and siIGFBP5 groups (Figure 4c , top row). Furthermore, live animal bioluminescent imaging demonstrated the difference in primary tumor sizes between the three groups ( Figure 4c , middle row). By the second week, there was consistently increased luciferase activity in the siIGFBP5 and a remarkable decrease in the IGFBP5 group, compared with the RFP control. MicroCT analysis demonstrated destruction of the proximal tibia when IGFBP5 was knocked down (Figure 4c , bottom row). The tibias of the mice in the IGFBP5 overexpression group remained relatively intact. Random sections dividing the tibia and tumors sagitally were then stained with hematoxylin and eosin. The RFP and knockdown groups had destruction and invasion through the posterior cortex and into the marrow, whereas the tumors in the IGFBP5 overexpression group had less apparent cortical destruction and invasion (Figure 4d ). Similar results were seen in the MG63.2 tumors (data not shown).
IGFBP5 inhibits spontaneous pulmonary metastasis
We next examined the role of IGFBP5 on spontaneous pulmonary metastases in an orthotopic xenograft model of OS using the MG63.2 and 143B cell lines that we have previously characterized (Luu et al., 2005a; Su et al., 2009) . Again the cells were stably tagged with luciferase for weekly Xenogen bioluminescent imaging. Pulmonary metastases were easily detected when endogenous expression of IGFBP5 was knocked down in the MG63.2 cell lines (Figure 5a, top row) . This was grossly apparent in the lungs harvested from the animals (Figure 5a , middle row). Overexpression of IGFBP5 inhibited pulmonary metastasis. In some animals in the knockdown group, the pulmonary metastases were so large that they became adherent to the chest wall. Similar results were seen in the 143B animals, but with higher efficiency of metastasis (data not shown).
Next, the lungs were subjected to histologic evaluation to compare the difference in microscopic metastases. Random sections at the maximal width of the lungs were stained with hematoxylin and eosin, as shown in Figure 5a , bottom row. In the RFP control for the MG63.2 animals, some micro-metastases were seen. However, the tumor burden was not large enough to be detected by the bioluminescent imaging. All the lungs were scored for the presence or absence of metastases (Figure 5b) . Knockdown of IGFBP5 resulted in a significantly increased incidence of pulmonary metastasis, whereas overexpression resulted in suppression. When taken together for 143B and MG63.2 cell lines, 10/10 animals in the siIGFBP5 group had metastasis, whereas 5/10 RFP animals and 1/10 IGFBP5 animals had metastases (P-values o0.0001 and 0.032 for MG63.2 and 143B, respectively). Overall, our pulmonary evaluations demonstrated that IGFBP5 overexpression suppressed, whereas IGFBP5 knockdown promoted, OS metastasis.
IGFBP5 inhibits proliferation and promotes apoptosis
To examine the mechanism underlying the suppression of tumor growth by IGFBP5, we evaluated for the presence of a late apoptotic marker, cleaved caspase-3 and performed a cell cycle and proliferation analysis. As shown in Figure 6a , overexpression of IGFBP5 led to a marked increase in caspase-3 expression as compared with the RFP control or knockdown groups in both MG63.2 and 143B cell lines. Immunohistochemical staining with an anti-cleaved caspase-3 antibody revealed a similar increase in the overexpression group in both cell lines as depicted in Figure 6b for the 143B cells. Next, flow cytometry was used to sort the 143B and MG63.2 cells to determine the percentage of cells undergoing apoptosis and in each stage of the cell cycle. Overexpression of IGFBP5 increased the number of cells in the early apoptotic phase by over three-fold, from 4.13 to 14.80%, and late apoptotic markers by (Figure 6d ), 55.9 versus 46.7%, respectively (P-value ¼ 0.04). IGFBP5 knockdown decreased the number of cells in the G1 phase to 43.1% from 46.7% in the RFP control (P-value ¼ 0.04). Taken together, these results indicate that IGFBP5 overexpression promotes apoptosis and maintains a greater proportion of cells in G1 phase of the cell cycle, thereby inhibiting tumor growth.
Discussion
We previously reported on the identification and characterization of a highly metastatic and tumorigenic OS cell line (MG63.2), from the marginally metastatic parental MG63 line (Su et al., 2009) . Microarray analysis revealed a 10-fold decrease in IGFBP5 expression in the highly metastatic MG63.2 line, compared with the parental MG63 line. We characterized the function of IGFBP5 in the MG63.2 cell line, as well as an independent OS cell line. From our data, we identified IGFBP5 as a novel gene regulating OS metastasis and tumor growth. Our data points to an inverse relationship between IGFBP5 expression and tumor growth, as well as metastatic potential. Of the four OS lines analyzed, the two lines with the highest proliferative, invasive and metastatic capabilities (143B and MG63.2) showed significantly lower IGFBP5 expression. Through overexpression and silencing experiments, we find that IGFBP5 inhibits cell proliferation, migration and invasion in vitro, as well as tumor growth and metastasis in an orthotopic xenograft model of human OS. Additionally, IGFBP5 expression is decreased in metastatic samples taken from OS patients, when compared with the primary tumors. Although little is known about the role of IGFBP5 in OS, the IGF pathway has been implicated in a number of human cancers, including Ewing's sarcoma and OS (Manara et al., 2007; Avnet et al., 2009) . The IGFBPs are associated with a variety of pathologic and physiologic pathways (Schneider et al., 2002) . However, there is conflicting data on the relationship between IGFBP expression and human cancers. In fact, there are many cases where the same IGFBP has been shown to have both stimulatory, as well as inhibitory effects on tumorigenesis, depending on the tumor type (Mukherjee and Rotwein, 2007) . For example, IGFBP5 has been shown to induce caspase expression and promote apoptosis in breast cancer (Butt et al., 2003; Butt et al., 2005) . In contrast, IGFBP5 is believed to facilitate prostate 
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Y Su et al cancer metastasis (Xu et al., 2007) . Additionally, IGFBP5 is downregulated in renal and cervical tumors, but appears to be upregulated in high-grade ovarian carcinoma and thyroid papillary carcinoma (Stolf et al., 2003; Cheung et al., 2005; Takahashi et al., 2005; Wang et al., 2006) . These conflicting results may be due to IGFBP5 mediating its effects in both IGF-dependent and IGF-independent pathways (Akkiprik et al., 2008) . In our study, we find that IGFBP5 suppresses metastatic phenotypes in OS. These findings are supported by the reported functions of the three conserved domains of this protein, the N-terminal, C-terminal and L domains (Schneider et al., 2002; Akkiprik et al., 2008) . In particular, the C-terminal domain might be involved in the inhibition of OS migration, invasion and metastasis. This domain has been shown to interact with extracellular matrix proteins, such as fibronectin, thrombospondin-1, osteopontin and vitronectin (Akkiprik et al., 2008) . In addition, IGFBP5 contains a total of three heparin-binding motifs in the C-terminal and L domains (Song et al., 2001) . These motifs in IGFBP5 bind to glycosaminoglycans in the extracellular matrix and can be blocked by heparin (Song et al., 2001) . The ability of IGFBP5 to bind to extracellular matrix proteins may modulate cell-cell and cell-matrix interactions. The net potential effect is regulation of cell adhesion, migration and metastasis. Thus, our observed inhibitory effects of IGFBP5 on the metastatic phenotypes may potentially be regulated by the C-terminal and L domains of this protein.
Our observed inhibition of cell proliferation and tumor growth is supported by the reported functions of the N-terminal and C-terminal domains of IGFBP5. The N-terminal domain of IGFBP5 has been shown to bind to IGF, thereby regulating mitogenic activity (Akkiprik et al., 2008) . Binding of IGFBP5 to IGF is believed to prevent or modulate IGF binding to the IGF receptor (Akkiprik et al., 2008) . Additionally, the C-terminal domain of IGFBP5 contains a nuclear localization signal and might mediate the observed (Schneider et al., 2001; Akkiprik et al., 2008) . IGFBP5 has been shown to traffic into the nucleus (Schedlich et al., 2000) and interact with transcription factors such as four-and-a-half LIM protein in U2 human OS cells, which can have downstream effects on tumor growth and metastasis (Amaar et al., 2002) . In fact, nuclear localization of IGFBP5 has been associated with apoptosis in breast cancer (Butt et al., 2003; Butt et al., 2005) and inhibition of cell proliferation in murine OS/50-K8 OS cells (Schneider et al., 2001) .
In summary, we have identified IGFBP5 as a novel protein in the pathogenesis and metastasis of OS. We have demonstrated that IGFBP5 inhibits phenotypes important for OS growth and metastasis. As IGFBP5 is a secreted protein, its potential therapeutic applications can easily be translated to the clinical arena.
Materials and methods
Tissue culture HEK293 and human OS lines MG63, 143B, MNG/HOS and TE85 were purchased from ATCC (Manassas, VA, USA). We also used MG63.2, a highly tumorigenic line derived from the metastasis of parental MG63, as previously reported (Su et al., 2009 ). Cells were maintained in complete Dulbecco's modified Eagle's media containing 10% fetal bovine serum (HyClone, 
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Logan, UT, USA), 1 mmol/l sodium pyruvate, 100 units of penicillin and 100 mg of streptomycin at 37 1C in 5% CO 2 .
Recombinant adenoviral vectors expressing IGFBP5 and siIGFBP5
The cDNA coding region to human IGFBP5 was PCR amplified and subcloned into the adenoviral shuttle vector pAdTrace-TO4 (He et al., 1998; Kang et al., 2004; Luo et al., 2007a; Kang et al., 2009) . The siRNA-knockdown oligo cassettes were cloned into the shuttle vector pSES system (Luo et al., 2007b; Luo et al., 2008) . The siIGFBP5 and scrambled siRNA control sequences were generated using the siDesign software from www.dharmacon.com/designcenter. Cloning details and oligo sequences are available upon request. Recombinant adenovirus generation was carried out using the AdEasy system, as previously described (He et al., 1998; Kang et al., 2004; Luo et al., 2007a; Kang et al., 2009) . Adenoviruses were produced in HEK293 cells and amplified to obtain high titers (He et al., 1998; Kang et al., 2004; Luo et al., 2008) , resulting in the adenoviruses expressing IGFBP5 (AdR-IGFBP5) and siIGFBP5 (AdR-siIGFBP5) that also expressed RFP as a marker to monitor infection efficiency. AdRFP was used as a control.
Microarray analysis
The microarray analysis was performed at the University of Chicago Functional Genomics Core Facility, as previously described (Tusher et al., 2001) . Briefly, we first used fully characterized total RNA samples, which were isolated from cells, primary tumors and metastatic tumors, for target preparation, and subjected them to hybridizations to the Affymetrix genechip (Affymetrix, Santa Clara, CA, USA). Target preparation protocol was provided by the Affymetrix GeneChip Expression Analysis Manual. We used DNA-Chip hierarchical cluster analysis and Significance Analysis of Microarrays, as previously described (Tusher et al., 2001) . The model-based approach allowed probelevel analysis and facilitated automatic probe selection in the analysis stage to reduce errors caused by outliers, cross hybridizing probes and image contamination. The default clustering algorithm of genes was used for the DNA-Chip analysis. Briefly, the distance between two genes was defined as 1Àr, where r is the Pearson's correlation coefficient between the standardized expression values (make mean 0 and standard deviation 1) of the two genes. Two genes with the closest distance were first merged into a supergene and connected by branches with length representing their distance.
The expression values of the newly formed supergene were the average of standardized expression values of the two genes across samples. Then the next pair of genes (supergenes) with the smallest distance was chosen to merge and the process was repeated n-1 times to merge all the n genes.
RNA isolation and semi-quantitative RT-PCR
Using TRIZOL Reagents (Invitrogen, Carlsbad, CA, USA), we isolated total RNA and generated cDNA templates via RT-PCR. The cDNA products were used for semi-quantitative PCR templates, as described previously (Luu et al., 2005a; Luo et al., 2008; Sharff et al., 2009; Su et al., 2009) . All samples were normalized by the GADPH expression level. Primer sequences are available upon request.
Western blot analysis for IGFBP5 and caspase-3 expression Western blot analysis was performed as described (Luu et al., 2005b; Luo et al., 2008) . For all overexpression and knockdown experiments, subconfluent cells were infected with AdRFP, AdR-IGFBP5 or AdR-siIGFBP5. Whole cell lysates were used. Anti-IGFBP5 or anti-caspase-3 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and secondary antibodies conjugated with horseradish peroxidase from Pierce (Rockford, IL, USA).
Cell proliferation assay
Cell proliferation assays were performed as previously described (Luu et al., 2005a) . Briefly, subconfluent tumor cells were infected with control AdRFP, AdR-IGFBP5 or AdRsiIGFBP5 and replated at 72 h in 1% fetal bovine serum complete media. The cells were then collected by trypsinization at the indicated time point and viable cells were counted. Each assay was done in triplicate.
Matrigel invasion assay
Matrigel cell invasion assays were performed as described Su et al., 2009) . Briefly, subconfluent tumor cells were infected with control AdRFP, AdR-IGFBP5 or AdR-siIGFBP5 and assayed at 72 h. The membranes containing the invading cells were fixed in 10% formalin, stained with hematoxylin, unmigrated cells removed and mounted onto slides with Permount. Four random high power fields ( Â 200) were counted per insert and representative images were obtained.
The assay was performed in triplicate.
Wound healing cell migration assay Wound healing migration assays were performed as previously described (Luu et al., 2005b; Luo et al., 2008) . Subconfluent cells were infected with AdRFP, AdR-IGFBP5 or AdRsiIGFBP5. After 72 h, the cells were trypsinized, counted and re-plated in 1% fetal bovine serum complete media in six-well dishes containing a sterile metal three-pronged cross (0.75 mm thick) to create a consistent gap in the monolayer of cells. At 12 h after plating, the cross was removed. Bright-field images of the field adjacent to the left center arm of the cross were taken at 0, 12, 24 and 36 h, after removing the cross to assess cell migration across the gap. These assays were done in triplicate.
Caspase-3 immunohistochemical staining
Immunohistochemical staining was carried out as described Peng et al., 2004) . Briefly, subconfluent cells were infected with AdRFP, AdR-IGFBP5 or AdR-siIGFBP5 and stained at 72 h. The fixed cells were blocked with bovine serum, avidin and biotin blocking solution. Cells were probed with an anti-cleaved caspase-3 antibody, followed by incubation with anti-goat IgG secondary antibody conjugated with horseradish peroxidase (Pierce).
Flow cytometry
Subconfluent cells were infected with AdRFP, AdR-IGFBP5 or AdR-siIGFBP5. After 72 h, the cells were trypsinized and re-plated at subconfluent conditions. Cells were harvested at 48 h, fixed with 70% ethanol, washed with phosphate-buffered saline and stained with propidium iodide. Cells were sorted and analyzed according to phase of cell cycle. Additionally, cells in the early-and late phases of apoptosis were sorted with propidium iodide and annexin V.
Orthotopic xenograft model Two highly tumorigenic and metastatic cell lines, MG63.2 and 143B, with stable expression of luciferase were infected with AdRFP, AdR-IGFBP5 or AdR-siIGFBP. At 36 h post infection, cells were harvested and prepared for injections (1.5 Â 10 6 /injection) into the proximal posterior tibia of athymic nude mice (male, Harlan Sprague Dawley, 4-6 weeks old) as previously described, except for a subperiosteal injection IGFBP5 in osteosarcoma Y Su et al (Luo et al., 2008; Su et al., 2009) . Although the subperiosteal injection has a lower metastatic efficiency compared with our previously described intratibial injection (Luo et al., 2008; Su et al., 2009) , we now use the subperiosteal injection to avoid the immediate 10% mortality associated with the intratibial injections from marrow embolic events. This approach reduced our animal cost, as well as animal mortality. We used five mice per group, repeating the experiments in two separate batches. Tumors were measured every 3-4 days and the tumor volume and doubling time were calculated, as previously reported (Luu et al., 1998) . At 4 weeks after implantation for 143B cells, and 8 weeks for MG63.2 cells, animals were killed. Primary tumors and lungs were harvested for evaluation.
Xenogen bioluminescence imaging
Bioluminescent imaging was performed, as previously described, using the Xenogen IVIS 200 imaging system (Luo et al., 2008; Su et al., 2009) . The animals were injected intraperitoneally with a D-Luciferin sodium salt (Gold BioTechnology, St Louis, MO, USA) at 100 mg/kg in 0.1 ml sterile phosphate-buffered saline. The pseudoimages were obtained by superimposing the emitted light over the gray-scale photographs of the animal. Quantitative analysis was done with Xenogen's Living Image V2.50.1 software as described (Luo et al., 2008; Su et al., 2009) .
Animal histologic evaluation
Histologic evaluation was performed as previously described (Su et al., 2009) . All samples were assigned a number and the treatment group blinded. The harvested tumors and lungs were fixed with 10% formalin, embedded in paraffin, serially sectioned and stained with hematoxylin and eosin. Evaluation of the histologic slides was performed by a blinded, trained pathologist.
MicroCT imaging
MicroCT imaging was performed as previously described (Kang et al., 2009) . The harvested tumors were fixed in 10% formalin and subjected to imaging. After the imaging, the data was analyzed via the Amira software program (Visage Imaging, San Diego, CA, USA).
Patient sample tissue array and immunohistochemistry
The pathology database was searched for pulmonary metastatic OS under an approved Institutional Review Board protocol. A total of 25 patients with pulmonary metastectomies were identified. In all, 14 chemotherapy-naive biopsy specimens matching to 14 of the 25 patients with metastatic lesions were identified in the pathology database; 11 of the 25 patients did not have their biopsies at our institution or missing blocks and therefore, the paraffin blocks for those primary samples were not available. In patients who had multiple pulmonary metastectomies (that is, multiple pulmonary metastases), all the metastatic specimens were included and immunohistochemical scores averaged. The samples were collected from patients treated between 1986 and 2009. Tissue arrays containing primary and metastatic OS specimens were generated by The University of Chicago Pathology Core Facility. The slides were retrieved and reviewed by a board-certified musculoskeletal pathologist. The paraffin blocks were retrieved, cores identified by the pathologist and the tissue array created by the Core Facility. Two core plugs (1 mm) per sample were collected for the array. The tissue array blocks were sectioned and unstained slides subjected to immunohistochemical staining. Anti-IGFBP5 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz) and secondary antibodies conjugated with horseradish peroxidase from Pierce. Immunohistochemical staining and scoring of the staining intensity was performed as previously described (Luu et al., 2005b) and blinded to any clinical data. Briefly, staining score was rated as 0 (no staining), 1 þ (weak), 2 þ (moderate) or 3 þ (strong). Staining score 0 was defined as no staining visible; 1 þ was defined light staining requiring high power magnification ( Â 200) to identify the staining pattern; 2 þ was defined as moderate staining requiring medium power magnification ( Â 100) to identify the staining pattern; 3 þ was defined as dark staining visible at low power magnification ( Â 40).
Statistical analysis
A two-tailed Student's t-test was used to compare the expression of IGFBP5 (quantitative RT-PCR) between the parental MG63 and the MG63.2 lines, as well as comparing the IGFBP5 and siIGFBP5 groups with the RFP control for the Matrigel invasion assay, tumor doubling time, cell proliferation and cell cycle analysis. The immunohistochemical staining scores for the matched patient samples were compared using the Paired Signed Rank test. A two sample Wilcoxon Rank-Sum test (Mann-Whitney) was used to compare the immunohistochemical scores for all primary and metastatic samples. A w
